584 


Annals of the 
Missouri Botanical Garden 





compitum is the unified pollen tube transmitting 
tract, which allows the distribution of pollen tubes. 
In the Apocynaceae, where the overwhelming ma- 
jority of species are apocarpous, a special type of 
compitum is formed through the postgenital fusion 
of the carpel apices, allowing pollen that has been 
deposited only on one side to be distributed to both 
carpels (or in the case of the higher pollinium-bear- 
ing Apocynaceae, a single inserted pollinium to 
distribute pollen tubes into both ovaries) (Endress 
et al., 1983; Kunze, 1991). Secamonoideae have 
been reported to lack a true style (Swarupanandan 
et al., 1996), but there is a true style above the 


carpels in Pervillaea and Calyptranthera, both of 
I M 


which belong to this subfamily (Omlor, 1996; 
Klackenberg, 1997). Upwardly directed, sterile pla- 
cental margins are found in Secamone, but also in 
Mandevilla (basal Apocynaceae), whereas in most 
basal Apocynaceae, Periplocoideae, and Asclepia- 
doideae the sterile margins are directed downward 
(Woodson & Moore, 1938; Safwat, 1962; Nicholas 


& Baijnath, 1994). A critical reexamination of 


Brown's (1810) palynological characters has led to 
the proposal of a new set of diagnostic pollinium 
characters (Civeyrel et al., 1998), which, at present, 
are the only characters that reliably define the sub- 
family Secamonoideae. Members of the Secamo- 
noideae can be distinguished from Periplocoideae 
and Asclepiadoideae by “having 20 pollinia, with 
their inner walls reduced, and which are connected 
to a translator apparatus composed of a corpuscu- 
lum and one (or rarely two) caudicula, in addition 
to various degrees of staminal synorganization" 
(Civeyrel et al., 1998: 523). Pollinarium characters, 
especially the combination of number of pollinia 
and the way they are attached to the translator ap- 
paratus, remain the most valuable characters to dis- 
tinguish this group. In Asclepiadoideae there are 
only 10 pollinia, which become attached to the cau- 
diculae of the translator apparatus during ontogeny, 
whereas in Periplocoideae the 20 pollinia, when 
they are present, are not attached to the translator 
apparatus via caudiculae, but are shed onto it, 
which is very distinctive. 

The Secamonoideae, which contain 7 generally 
recognized genera (Secamone, Toxocarpus, Genian- 
thus, Pervillaea, Secamonopsis, Calyptranthera, and 
Trichosandra) and under 200 species, are restricted 
to the Old World tropics. There are also two genera 
of uncertain taxonomic position, i.e., Goniostemma 
and Schistocodon. The monotypic African genus 
Rhynchostigma has recently been put into synon- 
ymy under Secamone (Klackenberg, in press). Se- 
camone is the largest genus with more than 80 spe- 


cies, which occur mainly in Madagascar 
(Klackenberg, 1992a), Africa (Goyder, 1992), and 
Asia (Forster & 1989; Klackenberg, 
1992b). Toxocarpus with almost 40 species occurs 


Harold, 


mainly in Asia, as does Genianthus with 16 Asiatic 
species (Klackenberg, 19952). The other four gen- 
era, Pervillaea (Klackenberg, 1995b), Secamonopsis 
(Civeyrel & Klackenberg, 1996), Calyptranthera 
(Klackenberg, 1996a; Klackenberg, 1997), and Tri- 
chosandra (Friedman, 1990) are restricted to Mad- 
agascar or to the Mascarene Islands, with less than 
10 species each. The main center of endemism is 
Madagascar, where half of the known species and 
genera occur, followed by southeast Asia and Af- 
rica. 

Malagasy genera of Secamonoideae, e.g., Seca- 
mone, especially the S. cristata group (S. cristata 
and its four subspecies, as well as S. bosseri and S. 
polyantha), Pervillaea, and Secamonopsis, show a 
remarkable range of growth habits, from erect to 
partially procumbent, small-bodied shrubs to larg- 
er-bodied twining lianas. Phylogenetic analysis of 
Secamonoideae offers the opportunity to analyze 
changes in growth habit during the evolutionary ra- 
diation of this group of plants in Madagascar, par- 
ticularly with reference to changes from lianoid to 
shrubby habits. The former Asclepiadaceae are a 
predominantly lianoid family, but previous analyses 
have demonstrated reversals from lianoid growth 
forms to self-supporting habits (Civeyrel, 1990). 
Biomechanical and anatomical studies have been 
recently carried out to characterize different plant 
growth forms and to critically assess the develop- 
mental characters that underlie changes in stem 
mechanics (Rowe & Speck, 1998; Speck & Rowe, 
1999). For the Secamonoideae we were interested 
in changes in growth form, in particular transitions 
from climbing forms to self-supporting species. We 
also wanted to see whether the mechanics and un- 
derlying anatomical development would be similar 
for lianas of different species, and how historical 
developmental constraints might have influenced 
the evolution of growth forms. Our initial investi- 
gation of the Secamonoideae presented here illus- 
trates the differences in biomechanical behavior 
between two species of Secamonopsis also included 
in the phylogenetic analysis, with one represented 
by a self-supporting shrub and the other a twining 
liana. Our preliminary analysis represents a basis 
for examining the developmental homologies un- 
derlying the lianescent growth forms within the 
group and for investigating those sporadic switches 
to self-supporting growth forms within a predomi- 
nantly lianoid group. 
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The Secamonoideae also show a range of inter- 
esting synorganizations in their flowers. In the for- 
mer Asclepiadaceae, there is an unusual synorgan- 
ization between floral parts and also between organs 
of different categories (Endress, 1990, 1996). En- 
dress (1990) has described synorganization as the 
intimate structural connection of two or several 
neighboring structures to form a functional system 
or apparatus. In Secamonoideae there is a special 
kind of synorganization that occurs between pollin- 
ia and the translator apparatus, as well as within 


pollinia (Civeyrel, 1994, 1996). The pollinarium of 


Secamonoideae is composed of four pollinia con- 
nected to the translator apparatus, which in turn is 
made up of a corpusculum and one or two caudi- 
cula. Two caudicula have been observed in Seca- 
mone (Civeyrel, 1994), Genianthus (Civeyrel, 
1996). and Secamonopsis (Civeyrel, 1996; Civeyrel 
& Klackenberg, 1996: Omlor, 1996). The four pol- 
linia belonging to one pollinarium are each derived 
from a different pollen sac coming from one theca 
each of two adjacent anthers and are attached to 
the translator apparatus, which is secreted by the 
stigma head. This is the most common form of syn- 
organization found in most taxa of the former As- 
clepiadaceae (Fig. 1A). In some taxa of the Seca- 


monoideae there is, additionally, a special type of 


synorganization between pollinia from the same an- 
ther (intrapollinial synorganization) (Fig. 1B). as 
well as synorganization between pollinia from ad- 
jacent anthers (interpollinial organization; Fig. 1C). 
Synorganization within pollinia of an anther, and 


especially this special type of synorganization of 


pollinia from the pollen sacs of different anthers 
constitute the only record of this sort of synorgan- 


ization in the angiosperms. 


THE PLASTID GENE math 


Systematists use cladistic analyses to study re- 
lationships among taxa but also to observe char- 
acter evolution (Sibley & Ahlquist, 1987: Mickev- 
ich & Weller, 1990). Changes in morphological 
characters on a cladogram may also be evaluated 
simply by mapping characters onto molecular phy- 
logenies, or observed directly in analyses combin- 
ing molecular and morphological characters. One 
gene frequently used in phylogenetic reconstruction 
in recent years has been matk (Steele & Vilgalys, 
1994: Johnson & Soltis, 1994, 1995; Johnson et al., 
1996: Liang & Hilu, 1996; Plunkett et al., 1996; 
Soltis et al.. 1996; Hilu & Liang, 1997: Manos, 
1997: Plunkett et al., 1997; Sang et al., 1997; Mat- 
sumoto et al., 1998; Xiang et al., 1998; Hilu & 
Alice, 1999: Kron et al., 1999; Les et al., 1999: Li 


et al., 1999; Thiv et al., 1999; Wang et al., 1999; 
Yokoyama et al., 2000) because of its suitable rate 
of mutation and resolution for infrafamilial relation- 
ships. The plastid gene matK (Liere & Link, 1995; 
Neuhaus & Link, 1987; Sugita et al., 1985; Wolfe. 
1991; Wolfe et al., 1991, 1992) is a single-copy 
gene of approximately 1530 base pairs in length, 
situated in the large single-copy region of the chlo- 
roplast. The plastid gene matK has been previously 
used to assess the complex relationships within 
Apocynaceae (Endress et al., 1996; Civeyrel, 1996; 
Civeyrel et al., 1998), and this new set of molec- 
ular, morpho-palynological, and biomechanical 
characters should help to resolve the relationships 
and shifts in reproductive morphology and growth 
habit outside and inside the subfamily Secamono- 
ideae with other groups of Apocynaceae sensu lato. 

Indels have been shown to be useful in phylo- 
genetic reconstruction. Indels in coding regions are 
generally useful to cireumscribe lineages and de- 
fine evolutionary trends (Hilu & Alice, 1999). In 
the plastid gene matK, indels occur quite frequent- 
ly and some are phylogenetically informative (John- 
son & Soltis, 1994, 1995; Steele & Vilgalys, 1994: 
Plunkett et al.. 1996, 1997; Xiang et al., 1998; 
Kron et al., 1999), 


MATERIALS AND METHODS 
MATERIALS 


Ten sequences belonging to the Secamonoideae 
are published here for the first time and added to 
the 46 sequences of Gentianales and Solanales pre- 
viously published (Civeyrel et al., 1998; Endress et 
al.. 1996). Table 1 provides information on these 
taxa, their voucher specimens and source, as well 
as EMBL accession numbers for new sequences. 
The family Apocynaceae constitutes the ingroup 
with taxa from Solanaceae, Rubiaceae, Logani- 
aceae, and Gentianaceae forming the outgroup. In 
the former Asclepiadaceae, representatives of all 
subfamilies and tribes were included. 


METHODS 


DNA preparation. Detailed protocols used have 
been published by Civeyrel et al. (1998) and will 
only be summarized here. Total DNA was extracted 
using the 2X CTAB protocol of Doyle and Doyle 
(1987). DNA was precipitated using ethanol or pro- 
pan-2-ol, and proteins were removed with SEVAG 
(24:1, chloroform and isoamyl alcohol). DNA was 
purified by ultracentrifugation on a CsCl-ethidium 
bromide gradient (1.55 g/ml). Double-stranded 
products of matK were amplified from total DNA 
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Table 2. 


boldfaced letters represent multiple bases present in the 


External and internal primers for matk. The 


primer sequences: K represents the base G T, M repre- 
sents the base A C and Y represents the base C T. 
PRIMER 


ink 3914F 
matk -8F 


SEQUENCE 


GaGG.GTT GCT AAC TCA ACGG 
AAT TTC AAA TGG AAG AAA TC 
matk 174F TGT GAA ACG TTT AAT TAA TC 
matk 174R CGA KTA ATT AAM CGT TTC AC 
mak 503F TCG CDA TIE GET AAA-AGA TGE 
matk 503R GCA TOT TTT ACC CAA TAG EG 
matk 681F GTG AAT ACG AAT CYA TTT TC 
matK 900F TGG AAA TPT TAC CTT GTC AR 
matk 1309F GAC TPT ETT OTG CTA GAA CT 
matK 1628R CAT GCT ACA TCA ACA TTT CAG 
trnk -2R AAC TAG TCG GAT GGA GTA G 





using one of the trn K primers in combination with 
an internal primer (list given in Table 2). Direct 
sequencing of the double-stranded PCR products 
was performed using the Taq Dye Deoxy?? Termi- 
nator Cycle Sequencing Kit. Excess dye terminators 
were removed using Centri-sep spin columns. Di- 
rect sequencing was performed on an ABI 373A 
DNA sequencer, and sequences were edited using 
Auto- 
(Applied Biosystems, Warrington, 


ATM 


the programs Sequence Navigator™ and 


Assembler™ 


Cheshire). 


ANALYSIS 


For this study all but an average of the first 50 


bases at the 5' end of matK were sequenced (our 
primers were not located so that we could accu- 
rately determine the sequence near the forward 
PCR primer). In all cases, sequences were aligned 
visually against the published Solanum tuberosum 
L. sequence (EMBL-Z11741, Du Jardin, unpub- 
lished) (aligned matrix available from author upon 
request), Alignment was straightforward; the length 
of the individual matK sequences varied between 
1509 and 1551 bp, and there were 24 insertions 
and deletions (indels), which are in triplets (involv- 
ing 3 to 21 bp). Indels often consisted of the rep- 
etition of a sequence of base pairs present just be- 
fore the indel itself. Seven of these indels are 
phylogenetically informative, and two are homopla- 
sious (occurring in two distant genera). None of the 
indels were coded in the analysis, but inserted re- 
gions were retained and coded as missing. In total, 
the matrix was 1653 bp long with 443 potentially 
parsimony-informative characters (27%). 

Cladistic analysis was performed using PAUP 
3.1.1. (Swofford, 1993) with the following options: 
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heuristic search, 1000 replicates of random taxon- 
additions, and TBR swapping. Two separate phases 
were performed: the first one with 1000 replicates, 
with complete swapping on all trees accumulated 
in the replicates (which should have found all trees 
at that length); the second, successive approxima- 
tions weighting (hereafter SW; Farris, 1969), with 
characters reweighted according to their rescaled 
consistency index (RC) based on the best fit of 
characters on any of the trees. Reasons for using 
SW have been explained in a previous paper (Civ- 
eyrel et al., 1998). Rounds of re-weighting were 
repeated until the tree length did not change in two 
consecutive iterations. Confidence in specific 
clades of the resulting topology was estimated by 
bootstrap analysis. The following settings were 
used: 1000 replicates, keeping bootstrap frequen- 
cies from l to 100%, which were compatible with 
the 50% majority rule consensus tree, simple ad- 
dition of taxa, sampling characters with equal prob- 
ability but applying weights (from SW), and NNI 
swapping (nearest-neighbor interchange) but hold- 
ing only 25 trees per step. All illustrated trees use 
the ACCTRAN optimization. The base weight of 
1000 applied in SW was removed for tree presen- 
tation. 


POLLINARIUM PREPARATION 


Samples examined are from the herbarium col- 
lection at the Royal Botanical Gardens, Kew, from 
the authors alcohol collection. and from fieldwork 
in Madagascar. Pollinaria were removed from flow- 
ers under a dissecting microscope, transferred to 
100% ethanol, air dried on stubs, and coated with 
platinum using a Balzers Sputter Coater SPD 050. 
Entire flowers were prepared for observation by 
critical-point drying in a Balzers CPD 030; tissues 
were dehydrated in a graded ethanol series, trans- 
ferred to acetone and to the CPD, and then ob- 
served with a Hitachi $2400 scanning electron mi- 
croscope (SEM). 


BIOMECHANICS AND ANATOMY 


Measurements of flexural stiffness, £/ (Newtons 
times square meters: Nm?), structural Young’s mod- 
ulus, E (Mega Newtons per square meter: MNm ?), 
and axial second moment of area, / (mm!'), of Se- 
camonopsis microphylla and S. madagascariensis 
were taken during fieldwork in Madagascar in April 
1999 near Tulear (23?24' S, 43°47'E). Flexural stiff- 
ness represents the tangible resistance to bending 
of a structure and is the product of the structural 
Young’s modulus and the axial second moment of 
area. Structural Young’s modulus is a value that 


Volume 88, Number 4 
2001 





100 


49 100 
* 94 


100 
100 


54 


97 * 


61 59 
98 


71 
48 
99 99 


81 97 


100 49 
44 


99 


9] 


69 94 


96 
82 


100 


99 95 


100 57 
67 
95 
100 
78 


100 
100 


100 


Figure 2. 


Civeyrel & Rowe 


Relationships of Secamonoideae 


Strychnos 
Geniostoma 
Plocosperma 
Solanum 
Luculia 
Cinchona 
Gardenia 





Gentiana 
Gelsemium 
Alstonia 
Kopsia 
Rauvolfia 
Molongum 
Tabernaemontana 
Chilocarpus 
Picralima 
Thevetia 
Allamanda 
Plumeria 
Acokanthera 
Nerium 
Strophanthus 
Beaumontia 
Apocynum 
Raphionacme 
Schlechterella 
Hemidesmus 
Cryptostegia 
Periploca 
Camptocarpus 
Secamone bosseri 
Secamone cristata 
Secamone buxifolia 
Secamone sparsiflora 
Secamone uncinata 
Secamone falcata 
Secamone elliottii 
Secamone parvifolia 
Secamone geayi 
Secamone minutifolia 
Secamone ecoronata 
Pervillaea venenata 
Pervillaea phillipsonii 
Secamonopsis microphylla 
Secamonopsis madagascariensis 
Secamone volubilis 
Fockea 
Riocreuxia 
Dregea 
Pergularia 
Pentarrhinum 
Vincetoxicum 
Tylophora 
Araujia 
Gonolobus 


Matelea 


| LOGANIACEAE 


| PLOCOSPERMATACEAE 
| SOLANACEAE 


RUBIACEAE 


| GENTIANACEAE 
| GELSEMIACEAE 


I Alstonieae 
Vinceae 
Tabernaem. 


Alyxieae 


I 
I Pleiocarpeae 


| Fockeeae 


Plumerieae 
Carisseae 
Wrightieae 


Apocyneae 


| Ceropegieae 


| Marsdenieae 


Asclepiadeae 


Gonolobeae 


591 





OUTGR 

RAU 

APO 
A 
P 
O 
c 

PER Y 
N 
A 
t 
E 
^ 
E 

SEC 

ASC 


Strict consensus tree of the 25 most parsimonious trees obtained with the successive weighting analysis. 


Bootstrap values are shown below the branch. Abbreviations: APO, Apocynoideae; RAU, Rauvolfioideae: PER, Peri- 


plocoideae; SEC, Secamonoideae; and ASC, Asclepiadoideae: * 


strict consensus tree. This follows the classification published by Endress and Bruyns (2000). 


describes the elastic mechanical properties of ma- 
terials and is currently used for describing and 
comparing quantitatively changes in mechanical 
properties of plant stems during ontogeny (Rowe & 
Speck, 1998; Speck & Rowe, 1999): compliant or 


denotes branches not present in the unit weighted 


flexible materials have low Youngs moduli, whereas 


stiffer materials have higher moduli. Stem segments 


from basal to distal parts of plants were pruned 


from living plants and submitted to mechanical 


bending tests within several hours of being cut. 
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Indel A Indel C 
TET Do Ra LY 
lII1I11111111111111111111111 111111111222 
000000111111111122222222223 999999999000 
Taxon 456789012345678901234567890 234567890123 
Riocreuxia burchellii CAT====S% AGTTTAAATTTAAACCGA ATTAGGAATAAG 
Pentarrhinum insipidum CAT = == AGTTTAAAC------ CGA ATTAGCAATAAG 
Dregea sinensis CATS-mAA AGTTTAAAC------ CGA ATTAGGAATAAG 
Pergularia daemia CAT------— AGTTTAAAC------ CGA ATT== == AAG 
Vincetoxicum nigrum GAT------ AGTTTAAAC------ CGA ATTAGCAATAAG 
Tylophora indica CATe-———- AGTTTAAAC------ CGA ATTAGCAATAAG 
Araujia sericifera (lecce AGITTARAC-===-= CGA ATTAGCAATAAG 
Gonolobus xanthotrichus CAT m mie === AGTTTAAAC------ CGA ATTAGCAATAAG 
Matelea quirosii CAT---—-—- AGTTTAAAC------ CGA ATTAGCAATAAG 
Fockea capensis WT — AGTTTAAAG--—---- CGA ATTAGGAATAAG 
Secamone bosseri OTi cuncta CGA AUT eee AAG 
S. cristata ssp. densiflora CAT--------------------- CGA ATT------ AAG 
S. sparsiflora CRIT emi mm — — CGA AMD == AAG 
S. uncinata — === s CGA AT eos eines es AAG 
S. ellrottii CAT mene — CGA ATT------ AAG 
S. geayi Dm asne Dpr eremo esci CGA ATT====s= AAG 
S. falcata Tom imer teen rmm mte — CGA ATT=--=== AAG 
S. buxifolia CAT-=uosrscerentenstetssso CGA ATT------ AAG 
S. minutifolia Co eren ————— — CGA BTT-Ó-———- AAG 
S, ecoronata CRT sass aeser5=S=ses SCESSSEa CGA ATT------ AAG 
S. parvifolia CDS S= a e Pr — CGA ATT------ AAG 
S. volubilis CATGACCATGGTTTAAAC------ CGA ADD eme AAG 
Pervillaea venenata CAT rammi AGTTTAAAC------ CGA JOU Tam AAG 
P. phillipsonii CATs AGTTTAAAC------ CGA ATT====== AAG 
Secamonopsis microphylla CAT-===-» GGTTTAAAC------ CGA ATIT---——- AAG 
Se. madagascariensis CAT===s==s GGTTTAAAC------ CGA BT AAG 
Hemidesmus indicus CATH=-==-= AGTTTAAAC------ CGA ALT ens AAG 
Raphionacme welwitschii OA mem AGTTTAAAC------ CGA PUL Tamias AAG 
Schlechterella abyssinica CAT====-- AGTTTAAAC------ CGA BD Dee AAG 
Cryptostegia grandiflora CAT====== AGTTTAAAC------ CGA ATT==s=e% AAG 
Periploca graeca CAT=====- AGTTTAAAC------ CGA BID AAG 
Camptocarpus mauritianus CAT------ AGTTTAAAC------ CGA ATT------ AAG 
Allamanda cathartica CAT-=--=== AGTTTAAAC------ CGA Apis esea AAG 
Nerium oleander CAT---=== AGTTTAAAC------ CGA ATT Ss "sss AAG 
Apocynum androsaemifolium CAT Ee AATTTAAAC------ CGA ATT--9——- AAT 
Beaumontia grandiflora AA T... = AGTTTAAAC------ CGA ATT==-=-+ AAG 
Strophanthus divaricatus GB emnes AGTTTAAAC------ CGA ATT ===- AAG 
Acokanthera oblongifolia CAT====== AGTTTAAAC------ CGA ATTeee AAG 
Alstonia scholaris CAT esci AGTTTAAAC------ CGA ALT —————- AAG 
Chilocarpus suaveolens ET == s AGTTTAAAC------ CGA ATI-—-——-- AAG 
Kopsia fruticosa CAG... AGTTTAAAC------ CGA ATT-e—-c9 AAG 
Molongum laxum CAT==5=25 AGTTTAAAC------ CGA ATT---———- AAG 
Picralima nitida (AT Mm AGTTTAAAC------ CGA ATI=-===s AAG 
Plumeria rubra Caleossss AGTTTAAAC------ CGA ATT====== AAG 
Rauvolfia mannii CI R==-- nonna AAC------ CGG ATT------ AAG 
Tabernaemontana divaricata  CAT------ AGTTTAAAC------ CGA ATT—-=-== AAG 
Thevetia peruviana WP oie AGTTTAAAC------ CGA ALT mme =s AAG 
Gentianales outgroups FI ai Pu a wp l sto eor as DERE odo Na qose no w ** + 
Solanum tuberosum CAT eee GGTTTAAATAGAAATAGG ANE Secus TW 
Figure 3. Aligned sequences of the plastid gene mark showing the three main phylogenetically informative indels 
A. B, and C. Numbers indicate position of nucleotides that are numbered consecutively from 5' to 3’, dashes indicate 


gaps, question marks an unresolved sequence as for Allamanda cathartica. and bold sequences repeat underlined 
sequences. The sequences were replaced by a line of asterisks (**) for the outgroup taxa where they were present. 
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Indel B 


6666666666666666666666666666666666666666666666666666666 
4444455555555556666666666777777777788888888889999999999 
5678901234567890123456789012345678901234567890123456789 


AAAGAAAACCAGAAAGAAAACCAGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
AABGAAAACT-——-——-——-—2-e--cmeluoL TTTTTAACAAAAGGAACTCTAAAA 
AAAGAAAACCAGAAAGAAAACCAGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 


Pergularia daemia AAAGGAAATC------------ GGTTTTCATTTTTTAACAAAACGAAATCTAAAA 
Vincetoxicum nigrum AAAGAAAACC------------ AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
Tylophora indica AAAGAAAACC------------ AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
Araujia sericifera AAAGAAAACC--—---------- AGTTTTCTTTTTTTAACAAAAAGAAATCTAAAA 
Gonolobus xanthotrichus AAAGANATCC----—-------- AGCTTTCTTTTTTTAACAAAAAGAAATCTAAAA 
Matelea quirosii ARAGARATCC=====-====== AGTTTTCTTTTTTTAACAAAAAGAAATCTAAAA 
Fockea capensis AAAGAAAACT------------ TGTTTTCTTTTTTTAACAAAAAGAAATCTAAAA 
Secamone bosseri ABAGABAACCT--—-—————— AGTTTTCATTTTTTGACA---—--------- AAA 
S. cristata ssp. densiflora JAAAGAAAACC------------ AGTTTTCATTTTTTAACA------------ AAA 
S. sparsiflora AAAGAAAACC------------ AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
S. uncinata AAAGAAAACC--------—---- AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
S. elliottii AAAGAA---C------------ AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
S. geayi AAAGAAAACC------------ AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
B falcata AAAGAAAACC------------ AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
S. büxrifolia AAAGAAAACC--------—---- AGTTTTCATTTTTTA---AAAAGAAATCTAAAA 
S. minutifolia AAAGRA---C---—___uati TGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
S. ecoronata AAAGAAAACC------------ TGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
S. parvifolia AAAGAAAACC------------ AGTTTTCGTTTTTTAACAAAAAGAAATCTAAAA 
Sr volubilrs AAAGAAAACC----------—- AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
Pervillaea venenata AAAGAABAACC--——-—-—-—-——- AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
P. phillipsonii AAAGARAACC=—-=—--——==-= AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
Secamonopsis microphylla ARAGARAACC------------ AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
Se. madagascariensis AAAGAAAACC------------ AGTTTTCATTTTTTAACAAAAAGAAATCTAAAA 
Hemidesmus indicus AAAGAAAACC-----—-—-—-- AGGTTTCATTTTTTAACAAAAAGAAATCCAAAA 
Raphionacme welwitschii AAAGAAAACC------------ AGGTTTCATTTTTTAACAAAAAGAAATCCAAAA 
Schlechterella abyssinica AAAGAAAACC-----—------— AGGTTTCATTTTTTAACAAAAAGAAATCCAAAA 
Cryptostegia grandiflora AAAGAAAACC------------ AGGTTTCATTTTTTAACAAAAAGAAATTCAAAA 
Periploca graeca AAAGAAAACC------------ AGGTTTCGTTTTTTAACA------------ AAA 
Camptocarpus mauritianus AAAGAAAACC------------ AGGTTTCATTTTTTAACA------------ AAA 
Allamanda cathartica S XQ wg Io gU xp cse ust c AVR IS 
Nerium oleander AAARAAAACC------------ AGRTTIGATTTTITPAACA-—-5-2-25----—- AAA 
Apocynum androsaemifolium AAAGAAACCC------------ GGTTTTCTTTTTTTAACA--------—--- AAA 
Beaumontia grandiflora AAAGAAARCC------------ AGTTTTCATTTTTTAACAAAAAGAAATYCAAAA 
Strophanthus divaricatus AAAGAAAACC------------ AGTTTCAATTTTTTAACA------------ AAA 
Acokanthera oblongifolia BAAAGAAACCC-—-—-—-------— AGTTTTTATTTTTTAACA--—--—-------- AAA 
Alstonia scholaris AAAGAAACCC------------ AGTTTTTCTTTTTTAACA------------ AAA 
Chilocarpus suaveolens AAAGAAACCC------------ GGTTTTGATTTTTTAACA------------ AAA 
Kopsia fruticosa AAAAAAACCC------------ AGTTTCGATTTTTTAACA------------ AAA 
Molongum laxum AAAGAAAGAC------------ AGTTTTTETTTITTTERBOA-——————————- AAA 
Picralima nitida ABAGARAAGGCe-———--——-———-- GGITITGCIITITICACA--========== AAA 
Plumeria rubra BRAGAARACCC--=--======== AGITIGGATITTTIRACA====>======% AAA 
Rauvolfia mannii RARGAACCCC===—==-—=—== AGTTTTICTTTTTTAACA-—————--25--—* AAA 
Tabernaemontana divaricata AAAGAAAGTC------------ GGTTTTGATTTTTTAACAAAAATAAATCCAAAA 
Thevetia peruviana ARAGARCCCC=--====s5*== CGCTTGGATTTTTTAACA------------ AAA 
Gentianales outgroups ERFEKKRKKTEKKA — —_ —_ _ —— — VERFETKALLTEIRTARTANE alano AAA 
Solanum tuberosum * ik kr tk PRON Y ammam a dy REO eoo ne e h s Kina **+ 


Figure 3. Continued. 


Representative axis segments were selected from 
the entire plant in order to observe trends in me- 
chanical properties all over the stem system for 
both shrub and liana. The bending tests were car- 
ried out on a steel frame bending apparatus in the 
close vicinity of the collected sample. Span dis- 


tance of the tested stems and weight increments 
were varied according to the size and bending re- 
sistance of the material selected (see Rowe & 
Speck, 1996; Speck & Rowe, 1999). Segments of 
each tested stem were retained in FAA for anatom- 
ical and developmental analyses of plant axes. 
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PHYLOGENETIC ANALYSIS 


The unit weight analysis of the complete data set 
resulted in 600 trees 1679 steps long, with a con- 
sistency index of CI = 0.642 (0.530 excluding un- 
informative characters) and a retention index of RI 
= 0.730. The successive weighting analysis result- 
ed in 25 trees 1407 steps long (base weight of 1000 
applied in Successive Weighting, SW. removed). 
with a consistency index of Cl = 0.867 (0.725 ex- 
cluding uninformative characters) and a retention 


index of RI = 0.900. The strict Consensus tree of 


the unit weighting analysis and from the successive 
weighting are almost identical; only four branches 
at the base of the tree are not present in the unit 
weighting analysis. Therefore, comments in the dis- 
cussion will be based only on the strict consensus 
tree (Fig. 2) of the SW analysis. In this analysis 
three indels, occurring in several taxa (Fig. 3), have 
been examined as putative molecular markers for 
this phylogeny. They are usually repetitions (rep- 
resented in bold) of an adjacent sequence (with this 
adjacent sequence underlined) (Fig. 3). 


POLLINARIUM STRUCTURE AND INSERTION 


The morphology of non-acetolyzed pollinaria of 


Secamonoideae was examined and morphological 
differences were observed in pollinia, corpusculum, 
and caudicula (Civeyrel, 1994, 1996), as well as 
pollinia insertion. The corpusculum is coffee bean- 
shaped, with a more or less narrow slit facing the 
pollinator. The back of the corpusculum is more or 
less spongy with perforations of different sizes; the 
front is generally more compact with a verrucate or 
smooth surface. There are one or two caudicula 
bearing the pollinia; when there is only one cau- 
diculum, it can be hemispherical (Fig. 4A, B, G) 
or elongated (Fig. 4D, C, E) and with the pollinia 
almost sessile on the back. In some cases the cor- 
pusculum is surrounded by a caudiculum without 
a distinct shape bearing four fused. pollinia (Figs. 
4F, H. Ll. 5A, B. D. E). When two caudicula are 
present, they are either short (Figs. 1B, 5F) or long 
(Fig. 5C. G). and bear a pair of fused pollinia. The 
samples examined included pollinia arranged in all 
possible configurations of synorganization. They 
may be disposed all around the caudiculum (Fig. 
4A, B, C, G) or tiered in pairs when there is no 
pollinial synorganization (Fig. 4D, E). They are 
fused in pairs when there is intrapollinial synor- 
ganization (Figs. 1B, 5C, F. G) or in a unit of four 
in the case of intra- and interpollinial synorgani- 


zation (Figs. 4F, H, I, 5A, B. D, E). A reduction of 


observed (Civeyrel, 1995). 

Pollinium insertions have been examined in Se- 
camone geayi and in S. buxifolia. In Secamone bux- 
ifolia only a part of the pollinarium was inserted 
into the pollination chamber, and sometimes only 
one pollinium, whereas in Secamone geayi the en- 
tire pollinarium was inserted. 


BIOMECHANICAL RESULTS OF A SECAMONOID SHRUB 
AND LIANA 


Both Secamonopsis madagascariensis, a twining 
liana, and S. microphylla, a shrub, show reductions 
in Young’s modulus of the stem during ontogeny. 
Plant ontogeny is depicted here as increasing stem 
diameter as indicated by the increase in /, second 
moment of area, in Figure 6. Young distal stages of 
S. microphylla show relatively high values of £ for 
the stem of just over 5100 MNm *; this value drops 
during ontogeny to around 2000 MNm 2. The drop 
in Youngs modulus during ontogeny is more 
marked in the twining liana S. madagascariensis; 
young distal stages show values of just over 2000 
MNm ? and this is followed by a drop to as low as 
just over 300 MNm ? in the oldest sample mea- 
sured, 


DISCUSSION 
STRICT CONSENSUS TREE 


The three subfamilies of the former Asclepiada- 
ceae are monophyletic, with Secamonoideae as sis- 
ter group of the Asclepiadoideae (Fig. 2). Ascle- 
piadoideae and Periplocoideae are both strongly 
supported, each with a bootstrap value of 100%: 
the Secamonoideae are supported by a bootstrap 
value of 82%. The composite group formed by the 
three subfamilies of the former Asclepiadaceae is 
less well supported with a bootstrap value of only 
69%. The monophyly of the former Asclepiadaceae, 
which is only poorly supported here, has been 
much questioned in recent years (Sennblad & Bre- 
mer, 1996; Sennblad et al., 1998; Sennblad & Bre- 
mer, 2000; Potgieter & Albert, 2001 this volume) 
and is far from being resolved. The systematic po- 
sition of the Periplocoideae, however, is beyond the 
scope of this paper. Here we will focus on the re- 
lationships within Secamonoideae. 

Within Secamonoideae five groups are strongly 
supported by bootstrap values above 90% (Fig. 
2). These groups are: (1) Secamonopsis, (2) Per- 
villaea, (3) the two species belonging to the Se- 
camone cristata group sampled here (S. cristata 
subsp. densiflora and S. bosseri), and two groups 
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Figure 4. Pollinaria of Secamone, SEM photos. —A. S. sparsiflora. —B. S. uniciata. —C. S. buxifolia. —D. S. 
parvifolia. —E. S. elliottii. —F. S. geayi. —G. S. falcata. —H. S. ecoronata. A. S. minutiflora. Voucher specimens 


are cited in Table 1. 


within the remainder of the Secamone clade, (4) cies from the African mainland and from Asia 
S. sparsiflora and S. unciata, and (5) S. minuti- and Australasia it will be difficult to assess the 
Jolia and S. ecoronata. There is no strong support origin of the Madagascan species. 

for the position of Secamone volubilis, endemic to 

Reunion Island. The only African Secamone in-.— inpers 

cluded in this study, S. parviflora, is associated 

with the poorly resolved clade of Malagasy Se- A six-base insertion from bp 1195 to 1200 char- 


camone. Unless more sampling is done on spe-  acterizes the Asclepiadoideae group (with the no- 
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Figure 5. Pollinaria of Secamonoideae, SEM photos. —A. Pervillea venenata. —B. Pervillea phillipsonii. —C. 
Secamonopsis madagascariensis. —D. Secamone bosseri. —E. Secamone cristata. —F. Genianthus laurifolius. —G. 
Secamonopsis microphylla. Voucher specimens are cited in Table 1. 
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table exception of Pergularia daemia), and has not 
been found in any other Apocynaceae or among the 
outgroup taxa (Fig. 3, C region). Within this six- 
pair base insertion there is only one change: in the 
basal taxa Fockea, Riocreuxia, and Dregea, a G (2'- 
deoxyguanosine) is found on position 1197, replac- 
ing the C (2'-deoxycytidine) found in all other taxa. 
This insertion could be useful for identifying pos- 
sible members of the Asclepiadoideae, such as ster- 
ile herbarium specimens within the family Apocy- 
naceae, which contains between 4000 and 6000 
species. 

Another interesting indel that we have been in- 
vestigating is actually a series of indels found in 
the matK region from 639 to 696 bp (Fig. 3. B 
region). It has been found in all the former Ascle- 
piadaceae, with the exception of two taxa belonging 


to the Secamone cristata group and two species of 


Periplocoideae in Periploca and  Camptocarpus. 
This insertion has also been found in two unrelated 
taxa in the basal Apocynaceae: Beaumontia and 
Tabernaemontana. Looking closely at the base com- 
position of this insertion, it can be seen that in all 
Periplocoideae and in Beaumontia and Tabernae- 
montana, there is a C at position 695, whereas 
there is a T (2'-deoxythymidine) for all Secamo- 
noideae and Asclepiadoideae. In this same region 
two small indels (bp 651-653) have been found in 
two species of the genus Secamone: S. elliottii and 
S. minutifolia. There are also two insertions (bp 
656-060) in two taxa belonging to different tribes 
of the Asclepiadoideae in Riocreuxia (Ceropegieae) 
and Dregea (Marsdenieae). 

The third indel, and probably the most interest- 
ing one for our study, is a nine bp deletion (bp 118— 
126) that has only been found in the Madagascan 
Secamone clade including the African species, but 
not in Secamone volubilis from the Mascarenes. 


SYNORGANIZATION 


The type of pollinium synorganization between 
the contents of different pollen sacs we have de- 
scribed in Secamonoideae is not known to occur 


anywhere else in the angiosperms. A comparison of 


the geographic distribution of this character has 
shown that intrapollinial synorganization is much 
more widespread than interpollinial synorganiza- 
tion. Intrastaminal synorganization is found in taxa 
in both Asia and Africa and Madagascar, and oc- 
curs in Secamone, Genianthus, Pervillaea, Seca- 
monopsis (Civeyrel, 1996), Toxocarpus, and Calyp- 
tranthera. In general this feature is linked with two 
caudicula such as in the pollinaria of Secamone 


dewevrei (Fig. 1B), Secamonopsis madagascariensis 
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and 5. microphylla (Fig. 5C. G), or Genianthus laur- 
ifolius (Vig. 5F). Interpollinial synorganization has 
a much narrower distribution; it has been found 
only in Madagascar and does not extend. beyond 
this island, not even in the Mascarenes or the Com- 
oro Islands. It occurs in three different genera: Per- 
villaea (Civeyrel, 1996; Klackenberg, 1996b) and 
Calyptranthera (see Klackenberg, 1996a, 1997, 
1998, for illustration of pollinarium), both endemic 
to Madagascar, and in some species of the widely 
distributed genus Secamone (Civeyrel, 1994). Un- 
fortunately, we do not have sequences for all spe- 
cies of Pervillaea, and those of Calyptranthera are 
yet to be sequenced. Klackenberg (1996b), how- 
ever, has suggested that Calyptranthera is the sister 
group of the genus Pervillaea, where all the ex- 
amined species have interstaminal synorganization. 
We have mapped the distribution of this character 
onto our molecular tree (Fig. 7A) to estimate char- 
acter evolution among species in Madagascar. 
Based on the phylogeny presented here, pollinial 
synorganization has evolved twice within this 
group. since Pervillaea lies outside of the group of 
Secamone. It can also be seen that only one type 
of pollinial synorganization occurs for each of our 
well supported groups within Secamonoideae. This 
has to be confirmed by more sampling within the 
genus Secamone, however. 

One way to view the evolution of pollinial syn- 
organization is to relate it to pollination and pollin- 
ium insertion. We have started to examine polli- 
nation in different. species exhibiting different 
degrees of synorganization. For species without pol- 
linial synorganization such as in the Madagascan 
species Secamone buxifolia (Fig. 4€). we have not- 
ed that when there is an insertion by an insect, only 
one pollinium is inserted, either alone, or some- 
times still attached to the translator apparatus. 
Kunze (1991) has also demonstrated this with Se- 
camone alpinii. The reverse occurs in species such 
as Secamone geayi (Fig. 4F), another Madagascan 
species, with interpollinial synorganization, where 
we have seen that the entire pollinarium (i.e., all 
four pollinia and the translator) is inserted. Fused 
pollinia with intrapollinial synorganization are very 
strongly glued together, and in Secamone, for ex- 
ample, it is almost impossible to separate the pol- 
linia from the corpusculum without breaking them. 
The fusion observed may reduce the risk of losing 
pollinia during transport. But since all four pollinia 
are fused into a unit, it also means that such a unit 
can only be distributed once. Conversely, free pol- 
linia (i.e., with neither intrapollinial nor interpol- 
linial synorganization) can be distributed among up 
to four different flowers. When no pollinial synor- 
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Figure 6. 


Double logarithmic plot of biomechanical data for two species of Secamonopsis. Structural Young's modulus 


(E) is plotted against axial second moment of area (/) of stems sampled throughout the plant body. Both the shrub (S. 
microphylla) and liana (S. madagascariensis) show a decrease in £ during ontogeny which is characteristic of woody 


lianas (Speck & Rowe, 1999). 


ganization is present, however, the risk of losing 
pollinia during transport may be high, as pollinia 
are sometimes only loosely attached to the trans- 
lator apparatus (Civeyrel, 1996) and can easily fall 
from it (Friedmann, 1990). Pollination success for 
flowers with intrapollinial synorganization might be 
intermediate between these two extremes in terms 
of pollinia loss and numbers of flowers pollinated, 
and this would be interesting to investigate. 


BIOMECHANICS 


In addition to studying reproductive traits during 
the evolution of this group, we have begun to in- 
corporate biomechanical studies for investigating 
evolution of growth forms. Distribution of plant 
growth forms mapped onto the molecular tree sug- 


gests that self-supporting shrubs have evolved from 





Figure 7. 


lianescent forms at least five times within the Se- 
camonoideae for the examples investigated herein 
(Fig. 7B). In the genus Secamonopsis, S. madagas- 
cariensis is a twining liana with stiff searchers 
(young stems) and flexible basal stages: Secamon- 
opsis microphylla is a small semi-erect shrub. The 


` 


phylogeny suggests that the “self-supporting” 
growth form here is derived within the lianescent 
group. As expected, the liana species shows a typ- 
ical drop in the value of £ (Young's elastic modulus) 
for the stem during ontogeny as has been docu- 
mented for a variety of woody lianas (Rowe & 
Speck, 1996; Speck & Rowe, 1999). What is sur- 
prising here is that the shrub actually shows a drop 
in stem elastic modulus during ontogeny as well. 
This appears to explain the remarkable habit of this 


shrub, in which older branches are semi-recumbent 


— 


— ^. Pollinial synorganization. —B. Biomechanical aspects. Characters mapped onto the strict SW anal- 


ysis consensus tree of the 25 most parsimonious trees obtained with the successive weighting analysis. Bootstrap values 


are shown above the branches. 
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and lean against each other or along the ground 
with the more rigid younger branches oriented ver- 
tically. Interestingly, the values of £ for the shrub 
are higher than the liana, and this may also reflect 
the difference between the mechanics of the shrub- 
like form and the liana. Initial observations of the 
anatomy of the two plants indicate that the shrub 
has a much denser wood, fewer and smaller vessels, 
and a relatively narrow band of compliant outer 
secondary phloem and bark compared with the li- 
ana. Ongoing investigations will quantify the con- 
tribution of each tissue to the mechanics of the 
stem during ontogeny; it will then be possible to 
determine more exactly which developmental traits 
cause the mechanical patterns observed and thus 
explain, for example, why the "shrub-like" plant 
has retained a basically lianescent mechanical sig- 
nal. Further investigations will also sample addi- 
tional genera from the Secamonoideae, particularly 
in terms of assessing shrub-like or self-supporting 
habits derived from within a largely lianescent 
clade. Plant growth forms have been common char- 
acters in phylogenetic analyses with character 
states assigned to trees or shrubs or herbs, and so 
on. However, growth forms themselves are clearly 
complex aspects of a plant’s life history and are the 
result of a complex array of developmental traits. 
We hope that both biomechanical and anatomical 
approaches combined with phylogenetic techniques 
as outlined here may provide a means of determin- 
ing the underlying developmental processes in the 
evolution of different growth forms. 

The Secamonoideae have retained some ances- 
tral characters such as four pollinia per stamen and 
a relatively simple translator apparatus in which 
the pollinia are only weakly attached to the trans- 


lator, which help us to understand the evolution of 


the reproductive system of the entire family Apo- 
cynaceae. The Secamonoideae have also evolved 
some unique characters among angiosperms such 
as pollinial synorganization, which links together 
pollen from different pollen sacs and anthers. With 
their distribution of many endemic taxa, and their 
remarkable speciation in Madagascar, a detailed 
phylogenetic study of the Secamonoideae also en- 
ables us to study some fundamental aspects of plant 
evolution, such as changes in reproduction and 
overall growth form. 
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EVOLUTIONARY Mark Fishbein? 
INNOVATION AND 

DIVERSIFICATION IN THE 

FLOWERS OF 


ASCLEPIADACEAE! 





ABSTRACT 


Evolutionary innovation is an important mode of morphological diversification. Because explicit phylogenetic analyses 
are lacking for most evolutionary innovations, the patterns of origin, diversification, and homoplasy of innovations are 
poorly understood. Asclepiadaceae are a large angiosperm family characterized by a suite of putatively novel features 
that contributes to extreme floral complexity and diversity. In this paper, I use a preliminary phylogenetic hypothesis 
for Asclepiadaceae to explore the patterns of diversification in two novel floral characters, the pollinarium and the 
corona. The presence, number, and orientation of pollinia and the presence and form of corolline and gynostegial 
coronas are analyzed. Comparison of the histories of these structures suggests a contrast between relatively conserved 
evolution of pollinaria and labile evolution of coronas. | examine prior homology assessments of pollinaria and coronas 
and evaluate the sensitivity of evolutionary reconstructions to errors in homology assessment. These analyses point to 
crucial areas where additional ontogenetic studies, interpreted in a phylogenetic context, are required. This is partic- 
ularly true in the phylogenetic assessment of the homology of corolline and gynostegial coronas. | also investigate the 
sensitivity of evolutionary reconstructions to phylogenetic uncertainty, and find this source of error to be slight. 

Key words: Apocynaceae, Asclepiadaceae, character evolution, corona, diversification, innovation, novelty, phylo- 
genetic uncertainty, pollinia. 





Innovation is considered a central process in the — elties and the evolutionary lability of novelties fol- 


evolutionary origin of morphological diversity 
(Mayr, 1960; Liem, 1974; Nitecki, 1990). Although 
the precise meaning of evolutionary innovation may 
vary from author to author, it generally refers to the 
appearance in a descendant of a new structure that 
differs “more than quantitatively” from its ancestral 
morphology (Mayr, 1960: 351). “Key” 


have attracted special attention, because of their 


innovations 


purported role in accelerating the rate of species 
diversification (Mitter et al., 1988; Farrell et al., 
1991; Hodges, 1997). Despite keen interest in the 


lowing their origin. 

Species of Asclepiadaceae (including Periplo- 
caceae) comprise a large clade of Apocynaceae 
1999; Endress & Bruyns, 
2000) that is notable for extreme floral complexity 


sensu lato (Judd et al., 


arising from several features that are rare or un- 
known outside of Apocynaceae s.l. Three floral 
structures merit particular attention due to their 
complexity and limited distribution among angio- 
sperms: pollinarium, gynostegium, and corona. 


Each of these structures has been identified as a 


role of evolutionary innovations in diversification, distinctive feature of Asclepiadaceae, although the 


there has been remarkably little progress in under- presence of homologous structures (particularly gy- 


standing the ontogenetic bases of the origins of nov- nostegia and coronas) in non-asclepiad Apocyna- 
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